Abstract A number of facade solutions have been developed in recent years to solve the problem of largescale renovation of housing. In the Netherlands, housing associations have the ambition to achieve an energyneutral renovation approach, and so, some aim at energy neutrality. However, few address the complexity of multi-family rental dwellings and more importantly, the importance of user behaviour in the actual performance of the buildings. In current approaches, the zero energy target is sought for an average household. In this paper we present an approach to zero energy renovation in which the influence of occupants' behaviour in building performance is taken into account to eliminate the uncertainties related to energy savings. The results are used to inform the design process regarding the amount of energy production required to reach zero energy performance, and the feasibility of the on-site energy production only with photovoltaic panels. The research showed large statistically significant differences on energy consumption between the different household types, which could contribute to pre-bound effects if these differences are not considered when calculating energy savings and return of investments. When considering scenarios based on behaviour after renovation, the difference between the lowest and the highest heating demand is reduced to 34%.
Introduction
Next to other motivations, such as housing stock upgrading, fuel poverty reduction or indoor environment improvement (Beillan et al. 2011; Silvester 1991; Jong 1992) , the goal of building renovation projects is to reduce energy consumption without compromising thermal comfort. However, recent research has shown that low energy buildings do not always perform as expected (Fokaides et al. 2011; Doran 2005; Danielski 2012; Bell et al. 2010; Guerra-Santin and Itard 2012) . Large differences between the expected and actual energy consumption have been found in dwellings with similar characteristics and large differences have been found on the energy consumption of different types of households (McLoughlin et al. 2012; Kane et al. 2015; Wei et al. 2014) . The consequence of such differences is an uncertainty in actual energy savings, which affects the willingness to invest in low carbon technologies and far-reaching renovation projects. In addition, in social housing projects, the problems derived from the uncertainty related to the actual energy use are magnified by the different incentives for tenants and landlords.
A number of facade solutions have been developed in recent years to solve the problem of large-scale renovation of housing (Sijpheer et al. 2016 ). In the Netherlands, front-running housing associations have the ambition to achieve an energy-neutral renovation approach, and so, some façade solutions aim for energy neutrality such as Stroomversnelling and Prêt-à-loger (Stroomversnelling 2015; Pretalogger 2015) . However, few address the complexity of multi-family rental dwellings and more importantly, the importance of user behaviour in the actual performance of the buildings. In current zero-on-the-meter approaches, the zero energy target is sought for an average household, under average (or ideal) building operation. In these projects, the residents pay for energy if their use exceeds the average that was calculated for their type of house (Sijpheer et al. 2016) .
In this paper we present the 2ndSkin 1 approach to renovation. The goal of the 2ndSkin project is to develop a zero energy solution for multi-family renovation projects in social housing. The renovation solution focuses on a reference building that has been identified as a type which, given the poor thermal quality of the construction and the number of units in the Netherlands, offers the best market and carbon emission reduction opportunities (Steenma et al. 2016) . A detail account on the selection of the reference building can be found on Konstantinou et al. (2017) .
The central case in the 2ndSkin project is the socalled porch apartment, a massively applied dwelling type not only in the Netherlands but also in the rest of Europe (Steenma et al. 2016) . The large-scale renovation of this type of building is difficult because of its variance in shape, design and quality, and thus, zero energy renovation concepts for porch apartments have not been successful so far. For example, in a 418-unit demonstration project in the period 1989 -1991 (Silvester 1991 Jong 1992) , the actual energy savings were about 25% lower than expected and the average costs of the projects were far above the amount of money spent by social housing corporations on standard renovation at that time (142%).
Important bottlenecks in the process are related to the users, the composition of the different options for renovation, the calculation of the increase of the rent related to the home improvements, the tenants' participation rate, the application of different solutions in one complex and the postponed application of renovation measures after mutation of renters who refused to participate in the first round (Matschoss et al. 2013; Mathiesen et al. 2016; Winter 1993; Beillan et al. 2011) . Studies have shown that even though many improvements of the housing stock have been achieved, solutions mostly consist on basic maintenance and shallow renovation and so, deeper renovation measures are required (Filippidou et al. 2016) .
Because of the Dutch government's ambition (Sociaal-Economische Raad 2012) to improve the Dutch building stock to energy neutrally in accordance with the Energy Performance of Buildings Directive adopted by the European Union (http://ec.europa.eu/ energy 2016), it is necessary to develop products and processes for renovating the multi-family (porch apartment) complexes within the existing housing stock. Previous experiences showed that there is still an enormous challenge to fulfil the ambition to make the porch apartment energy neutral and in an acceptable way for the residents.
Furthermore, the available budget for the renovation of social housing is limited. The maximum investment for the refurbishment has to be depreciated at least within the lifetime of the renovation. In addition, regulations might limit the maximum increase of the rent (for example in the Netherlands), according to the home improvement levels.
Therefore, the 2ndSkin technical solution has been visualised as a pre-fabricated facade that can be installed in a short period of time, limiting the nuisance for the occupants, and thus allowing them to remain in their houses during the installation process. Keeping occupants in their homes is needed to decrease the costs of the renovating process related to the relocation of occupants, and it could facilitate the acceptance of the occupants to take part in the renovation process. Furthermore, the challenge of the 2ndSkin project consists on the development of an approach that takes into account the influence of building operation and occupants' 1 The 2ndSkin approach was developed by Delft University of Technology in collaboration with BAM woningbouw, Hogeschool Rotterdam, Eneco Installatiebedrijven, Spee architecten, DGMR Raadgevende Ingenieurs and Zehnder-JE Storkair. The project was funded by TKI and BTA Climate Kic. The 2ndSkin renovation strategy is currently being applied to 12 houses in the Netherlands. There are no conflicts of interest in this paper. behaviour in the performance of the building in order to eliminate the uncertainties related to energy savings and payback periods. The renovation strategy aims to provide a zero-on-the-meter solution, taking into account the diversity of household living in the dwellings. This is a clear contrast with other studies on zero energy buildings, in which the zero energy performance is only aimed at an average or 'standard' occupancy. For this, the project follows an user-centred approach in order to minimise the performance gap and to increase the acceptability of the renovation among the tenants. This paper shows the first insights into the relation between the ambitions of zero energy and the different groups of occupants and their energy-related patterns. The investigation focuses on the uncertainty that can be encountered before and after the renovation, and on the identification of ways to reduce such uncertainty. The results will be used to inform the design process regarding the amount of energy production required to reach a zero energy solution, and the feasibility of the on-site energy production only with photovoltaic panels, taking into account different occupancy and building characteristics scenarios.
Section 2 presents the approach used in this research (the 2ndSkin approach). Section 3 presents the investigation on user profiles and occupancy patterns for energy calculation. Section 4 shows the energy calculation results from the user investigation to determine occupants' behaviour and user profiles. Section 5 presents the results of the energy calculations and building simulations. To finalise, the discussion and conclusions are presented in Sections 6 and 7, respectively.
The 2ndSkin approach
The 2ndSkin approach consists on an integral renovation strategy for multi-family porch dwellings. The integral strategy involves four aspects: (1) a technical solution (the 'second skin' with integrated installations), (2) an acceptability process, (3) an occupancy evaluation process and (4) a new business model.
In order to develop the solution, a methodology was established not only to provide a solution to refurbish the case study building, but also to deliver knowledge and results that can be used in refurbishment tasks on national and European level. The methodology consisted on a design and research renovation strategy around a series of prototypes iterations. Early investigations in the project led to think that the direct replication of prototyping to an up-scaling phase may be a factor that hinders the project's decision-making. This is because some of the technologies to be implemented need to be further proven before their application and use on a large scale. More flexibility should be brought into the prototyping strategy, meaning that the prototypes will be used to test the construction, performance and the user interaction of technologies to be implemented in the up-scaling of the 2ndSkin approach. For this reason, the development of the 2ndSkin renovation strategy is based on a reference building. Design iterations proceed in parallel with the prototypes' development, benefiting from research results.
Within the 2ndSkin strategy, two concepts are thus, important: the reference building and the Dutch household typologies. Initial investigations and design are carried on these concepts as pre-step to actual projects or up-scaling projects. The following sections 'The reference building and technical solution' and 'Dutch household typologies' present the definitions of both concepts.
This paper presents one of the four aspects of the 2ndSkin approach: the occupancy evaluation process. The occupancy evaluation process intends to provide the necessary information to reduce the performance gap, and so, to provide more certainty on energy saving calculations and return of investments. The approach to the occupancy evaluation process, and its relationship with the technical solution design process, is introduced in 'Occupancy evaluation to reduce the performance gap' section.
As previously stated, the objective of the renovation process is to achieve a zero energy performance. In order to establish the design requirements of the renovation strategy, it is necessary to define the zero energy boundaries. The definition of the zero energy concept is presented in 'Definition of zero energy building' section.
The reference building and technical solution A reference building is used to develop the 2ndSkin approach. The 2ndSkin approach aims at creating a solution that can be easily implemented in a type of building by making only a few bespoken decisions.
The target group for the present investigation are the post-war, porch apartment blocks (portieketagewoning) in the Netherlands. To define the reference building, literature research and an on-site investigation was carried out in the area of Rotterdam-Zuid. Systematic documentation of the building characteristics was conducted during on-site visits. A reference building type was determined, which is considered the most common type in the area of investigation while having typical characteristics found in the Dutch and European building stock. The reference building, as shown in Fig. 1 , is a mid-rise apartment block with central staircase, accessible in the front façade, leading to two apartments per floor. Its construction characteristics are massive concrete wall and brick cladding with an intervening, noninsulated cavity, reinforced concrete slabs, continuous to the balconies, and large windows, incorporating lightweight parapet. Most of these dwellings are heated by individual local gas furnaces and central heating boilers. The domestic hot water is mostly provided by individual electric boilers or gas water geyser. The gas is supplied, in most cases, from the grid. It is important to add that this study focuses on energy demand, since the goal is to define the parameters that are important for the design phase of the 2ndSkin solution. In addition, it is foreseen that the solution, in practice, would be all-electric, since it is one of the conditions for the zero-on-the-meter category in the country (see 'Definition of zero energy building' section).
The 2ndSkin approach to achieve zero energy dwellings is based on decreasing the use of energy, then using sustainable energy sources as widely as possible and, finally, if using finite (fossil) energy sources is inevitable, they must be used efficiently and compensated with 100% renewable energy (AgentschapNL 2013). Thus, the solution needs to combine the building envelope upgrade, the use of efficient building systems and the generation of energy.
Firstly, the building envelope is insulated with prefabricated sandwich panels. Then, existing windows are replaced. The pre-fabricated, floor-height, sandwich panels, featuring new windows and integrated services pipes, are attached to the substructure that consists of wooden posts connected to external facet of the existing structures through steel U profiles. Heat recovery ventilation units are placed on the rooftop, while the ventilation pipes are integrated in an insulation board, attached to the sandwich panel that covers the opaque part of the existing façade. The proposed renovation solution results in the required thermal characteristics of the envelope, in terms of thermal resistance and infiltration, as well as providing and updated the building services' performance, as summarised in Table 2 . Figure 2 shows graphically the 2ndSkin technical solution.
The 2ndSkin process differs from conventional renovation process in the fact that the technology is seen as independent from the underlying structure of the building, and integrated into the facade. The system integrates heating, ventilation and cooling into the skin so it can be easily accessible from the outside of the building, therefore facilitating the maintenance. Photovoltaic panels are also integrated in the skin in order to reach the zero energy targets. The flexibility of the system and the accessibility from the outside allow upgrading the installations in further phases of the development during the lifetime of the building, thus increasing the timespan of the initial investment. The flexibility of the system will also allow for its customization for different types of building archetypes, for different countries and for different climate zones.
Dutch household typologies
Energy consumption in dwellings is affected by household demographics (age, gender, household composition) (McLoughlin et al. 2012; Kane et al. 2015) , socioeconomical level (education level, income) (Meyers et al. 2010; Wei et al. 2014 ) and lifestyle (retirement, full-time work, unemployment) (Kane et al. 2015; Yohannis et al., 2008) . These factors are known to influence energy consumption and are considered to be very important because of the great variation within and between types of households. For example, two singleperson households could have very different energy consumption because of the age, background, employment status and health condition.
The most common type of Dutch households has been defined through analysis of the sociodemographic data of household living in the building stock. The identification of the most common household types is important for the project because the renovation is aimed at social housing in the Netherlands, and so it is likely that the occupants of these buildings hold special characteristics. These characteristics could have an effect on occupants' behaviour and energy consumption. In addition, targeting specific solutions according to occupants' characteristics can increase the acceptability of the project and it would help designers to make better choices regarding the final solution of the renovation.
The occupancy and heating patterns of the different household types will allow us to calculate more accurately the expected building-related and userrelated energy demand, and thus to calculate more accurately the sizing of energy generation technologies.
The Dutch household typologies and their behaviours are investigated in 'Results: energy calculation' section. Energy Efficiency (2018 Efficiency ( ) 11:1847 Efficiency ( -1870 Occupancy evaluation to reduce the performance gap Very low and zero energy renovation projects are associated with high costs and long payback periods. The actual performance of these buildings is often unpredictable due to the uncertainty provided by occupant behaviour (Virote and Neves-Silva 2012) . This investigation aims at decreasing the performance gap, which is defined as the difference between the expected and actual energy consumption in buildings. This gap is created by rebound and pre-bound effects.
The pre-bound effect has been defined as the situation in which energy savings are lower than estimated due to the overestimation of energy consumption before the renovation. According to Sunikka-Blank and Galvin (2012) , as renovations cannot reduce energy that is not actually consumed, this has implications for the economic viability of thermal retrofits. The expected energy consumption is, in some cases, higher than in reality because in building simulations an 'average household' and 'average building occupancy' are often employed. However, there is a large diversity in household characteristics, preferences and lifestyles of buildings' occupants, and therefore, large differences have been found between standardised occupancy patterns and actual occupancy patterns .
The rebound effect has been widely studied in recent years. This effect can be defined as the increase on energy consumption in services for which improvements in energy efficiency reduce the energy costs (Herring and Sorrell 2009) . Rebound occurs when people compensate for efficiency improvements by increasing their spending (Hens et al., 2010) . In addition, it is important to consider that the rebound is in some cases not a consequence of the user's choices or behaviour, but a consequence of new technologies.
Rebound and pre-bound effects can be minimised by knowing better the context of the users, their actual requirements and their capacity for changing behaviour (Guerra-Santin 2017).
The objective of this research is to reduce uncertainties related to occupants' behaviour and household typology, by integrating user research into the design process. Figure 3 shows the approach used to integrate the results from the user research into the conceptual design process (e.g. before the detailed design). Two types of activities are shown in the figure: design iterations (black blocks) and user research (white and grey blocks). Diverse methods were used within the user research, such as statistical analysis, energy modelling and building simulations (quantitative methods), building monitoring evaluation of heating practices and comfort preferences (mixed methods), and investigation on mock-ups and case studies regarding occupants acceptability and requirements (qualitative methods). The user research was carried out in parallel to the technical conceptualisation of the solution, and was intended to feed back to the design process. The details of the approach can be found in . This paper deals with quantitative methods to determine the energy demand, energy generation, the sizing of installations, and to evaluate the feasibility to reach a zero energy performance based on the technical solution.
Definition of zero energy building
According to Marszal et al. (2011) , the most important issues to define a zero energy building are the metric of the balance, the balancing period, the type of energy use included in the balance, the type of energy balance, the accepted renewable energy supply options, the connection to the energy infrastructure, and the requirements for the energy efficiency, indoor climate and buildinggrid interaction. This section discusses the issues that are relevant for the 2ndSkin strategy.
Metric and period of the balance
A primary energy demand method is in accordance to the EPBD (European Commission) and takes into account differences between energy sources, which can help to make decisions during the design phase. Primary energy demand is the preferred metric for the balance in most methodologies, which makes comparison to other projects easier. However, for the 2ndSkin project, we follow a method based on the more straightforward zero-on-the-meter approach (Nul-op-de-meter), since it is the approach used by the Dutch industry and by housing associations in the Netherlands, which are the target market group. The zero-on-the-meter approach is based on a balance, between annual energy demand and annual energy generation, which is also in line with the Energy Performance of Building Directly. The annual balance is also used because in Northern European countries, the zero energy targets would be difficult to reach otherwise, given the large differences on energy demand and production between summer and winter. Furthermore, this approach also intends to investigate a zero energy solution that can be reached without the investment on costly shared infrastructure. The annual energy demand has been calculated with the dynamic hour-to-hour building simulation program Bink. The results and details of the simulation are presented in 'Heating demand: building simulation' section.
Type of energy use
Two types of energy end-uses have been defined: building related and user related. Figure 4 aims at clarifying the differences between the classifications of energy end-uses.
Building-related energy consumption is the energy used for services related to the building itself, such as space heating and cooling, ventilation and lighting. These energy services can be directly influenced through design both in new and renovated buildings. These energy requirements can be reduced by delivering a better design (e.g. passive design) that allows the building to retain heat gains in winter, avoid heat gains in summer and maximise the use of natural light.
User-related energy consumption is considered to be mostly influenced by the building's occupants. Within user-related consumption, we can find the energy used for cooking, domestic hot water, and use of electric equipment and appliances. Although the use of energy-efficient appliances and electric equipment could reduce the energy consumption, the purchase of such products is mostly in the hands of the occupants. Designers and building regulators have almost no influence on these choices. The zero-on-the-meter approach in the Netherlands includes both types of energy consumption. The business model currently followed by Dutch contractors provides tenants with new highefficiency kitchens or light bulbs (or vouchers for them). The 2ndSkin approach also seeks to further reduce user-related energy demand by providing the right feedback and controls to the residents of the buildings. However, the development of feedback and control solutions is out of the scope of this paper.
Renewable energy supply options
The Dutch zero-on-the-meter (nul-op-de-meter) approach allows the renewable energy to be generated off-site, but within a radius of 10 km (RVO, 2015) . The need for off-site energy production will depend on the actual building to be renovated, since location, number of units per building, orientation and type of roof will affect the capacity for energy production. In this paper, we study the possibility of generating all the necessary energy to reach the zero energy performance only with photovoltaic panels, since these can be integrated in the technical skin solution.
Zero energy system boundary
The system boundary considered for the zero energy calculation, systems' dimensioning and calculation of the expected energy consumption, is based on one porch building (six to eight housing units depending on the number of storeys), since this is the basic unit of renovation possible, and they share a common roof and circulation areas.
2ndSkin technical solution requirements
Based on the market for the renovation strategy, the building regulations in the Netherlands and on the technical restrictions based on the reference building, the 2ndSkin solution requirements are the following:
-Integrated installations (heating and ventilation systems) into the façade panels. -Integration of photovoltaic panels in the roof and potentially in the facades panels of the building, decreasing the costs for roofing and cladding. -Energy generation through photovoltaic panels, to assess how far can the zero energy concept be reached solely within the 2ndSkin solution. The implications of the user profiles and occupants' behaviour for the zero energy renovation strategy will be discussed in 'Discussion' section, in which the results from the building simulations and energy calculations presented in sections 'Heating demand: building simulation', 'Domestic hot water' and 'Electricity consumption' are integrated to the energy generation scenarios presented in 'Energy generation' section. Following 'User profiles and occupancy patterns for energy calculation' section focuses on the investigation of occupants' behaviour and user profiles.
User profiles and occupancy patterns for energy calculation
As previously stated, research has shown that household type and lifestyle have a large impact on energy consumption. Thus, the first step to determine the interaction between users and buildings was to define the most representative types of households in the country of study.
The household types on a national level were defined according to household size and age of the household members, specially taking into account the presence of children and elderly people, groups that have shown to have an effect of energy consumption (Guerra-Santin and Itard 2010). For the investigation of Dutch households, the WoON 2012 dataset was used (Tigchelaar and Leidelmeijer, 2012) . The dataset contains 69,000+ cases, from which 4800+ include a building audit. The dataset included information on building characteristics, energy consumption, occupants' behaviour and household demographics. The resulting household typologies were as follows: single senior, single adult, seniors couple, adults couple, three adults, single parent household and nuclear family. The details of the analysis are presented in Guerra-Santin and Silvester (2016).
As stated previously ('The 2ndSkin approach' section), households living in the reference building might have different preferences, behaviour and lifestyles, and thus, different energy requirements than those of the average household in the Netherlands. To investigate such differences, an independent samples t test was conducted between the energy use (gas and electricity) in the reference buildings, and the energy use in other types of buildings. The WoON dataset was split into a sub-dataset containing only the cases of building similar to the reference building: low rise (three to five levels) rental apartments built between 1946 and 1975. The sub-dataset contains 2194 cases. The results of the t test on gas consumption showed that less gas is used in reference dwellings (M = 1175, SD = 613.9 m 3 gas) than in other buildings (M = 1699, SD = 896.6 m 2 gas), t = 38.9(2628.2), p < .001. The results of the t test on electricity consumption also showed that less electricity is used in reference dwellings (M = 2139, SD = 1131.9 kWh) than in other buildings (M = 3424.6, SD = 1774.8 kWh), t = 51.4(2629.5), p < .001.
To determine the differences on energy consumption between household types, analysis of variance tests were carried out on the complete dataset (all building types) and on the subset containing only the cases determined as reference buildings. On the one hand, the ANOVA results on the complete dataset showed that there are statistically significant differences on gas (F(6,16,080) = 659.1, p < .001 Welch statistic) and electricity (F(6,16,059) = 3054.8, p < .001 Welch statistic) consumption between all household types (see descriptive statistics in Table 1 ). On the other hand, the ANOVA results on the reference building subset showed that gas consumption (F(6,538) = 10.7, p < .001 Welch statistic) and electricity consumption (F(6,536) = 39.5, p < .001, Welch statistic) are statistical significantly different for some types of households; energy use in smaller households is different to energy use in larger households (see descriptive statistics in Table 1 ). However, the differences on energy consumption between the household types in the reference buildings are not as large as in the complete sample. Figure 5 shows in percentages, the difference on energy use per household in reference dwellings in comparison to all types of dwellings. The households in reference buildings use from 40% (single adults) to 70% (three adults) less energy in comparison to households living in all types of buildings. These results suggest that in the reference building, occupants' behaviour might have a smaller effect than in other types of buildings. This could be caused by the fact that all social rental apartments have similar characteristics, and by the fact that the households in these apartments tend to have lower incomes. Thus, to guarantee the building zero energy performance, we investigate the impact that household typology might have on energy demand.
In order to model occupants' behaviour in the building simulations, occupancy profiles per household type have been previously defined statistically using factor analysis and ANOVA tests (Guerra-Santin and Silvester 2016). The profiles of the household typologies can be seen in Fig. 6 . The household profiles consist on occupancy profile (presence at home) and heating use pattern (use of thermostat and radiators) per household type. Figure 6 shows the household typologies and their behaviours according to the intensity of energy use (more energy intensive vs. less energy intensive) and according to household size (smaller vs. larger household).
The results showed that, regarding presence at home, households with seniors and nuclear families tend to spend more time at home, while single adults and adult couples spend less time at home. Regarding the use of the thermostat, seniors showed to set the thermostat to a higher temperature than other households while single adults showed to set thermostat to a lower temperature than other households. In addition, single seniors, nuclear families and households with three adults showed to setback their thermostat to a higher temperature. Concerning the use of radiators, households with children showed to heat more often the bedrooms than other households, while households with three adults heat less often the bedrooms.
In general, the least energy intensive behaviours were found in households with one adult and single parent household, while the most energy-intensive behaviours were found in households with seniors and nuclear families. The calculation results for the expected building-related and use-related energy consumption per household type are presented in the following section.
Results: energy calculation
In this section, the energy calculations are presented. In 'Heating demand: building simulation' section, heating demand is calculated through building simulations based on statistically defined occupancy patterns (nationwide Dutch household profiles). In 'Domestic hot water' section, domestic hot water is calculated based on the requirements per person based on Dutch regulations. In 'Electricity consumption' section, electricity demand is calculated based on the statistical occupancy profiles and hours of use of appliances per household type. In 'Energy generation' section, the calculations of energy generation with photovoltaic panels according to different building (roof) characteristics are presented.
Heating demand: building simulation
Building simulations of the 2ndSkin solution were carried out with different household profiles. The hour-tohour dynamic building simulations were performed with Bink software (Bink software, n.d.) for each type of household using two scenarios: a pre-renovation stateof-the-art behaviour scenario based on the statistical analysis of the WoON dataset (Tigchelaar and Leidelmeijer, 2012) , and a post-renovation scenario, also based on the statistical analysis but modified to reflect a possible rebound effect and changes in behaviour. The expected changes aimed at reflecting occupants trying to achieve higher levels of comfort, but also reflecting a better control of the heating system (for example by encouraging the use of setback temperatures when absent and during the night). Table 2 shows the building characteristics used as input in the building simulation model. Each room is modelled as one thermal zone, as we wish to investigate the effect that preferences for room temperatures and spaces heated have on energy demand. The heating demand per room was calculated assuming a 100% efficiency of systems, according to the schedules defined per household profile (intermittent comfort). The system adjusts the temperature of the room according to the comfort requirements, with unlimited capacity. The comfort temperature per room is determined per household type, based on the household profiles (Fig. 6) . A summary of the profiles is presented in Table 3 . Natural ventilation is only considered for the summer period, when external temperature reaches 18°C or internal temperature exceeds 25°C. Thus, natural ventilation does not have an effect on heating demand in the simulations.
The internal heat gains are integrated into the simulation model in two ways. Artificial lighting is defined as specific artificial lighting use patterns defined per household type, which are based on the household profiles. Internal heat gains for appliances and electric equipment are calculated based on statistical data on electricity consumption per household type in reference dwellings (WoON dataset). The gains of electricity are evenly distributed over the zones of the dwelling. Table 4 shows the internal heat gains based on electricity consumption per household. The schedules for artificial lighting and occupancy can be found in Guerra-Santin and Silvester (2016).
Pre-renovation behaviour
Simulations per household type assuming 'pre-renovation' behaviours were carried out. These behaviours were obtained from statistical data in the Netherlands and therefore, reflect current and actual lifestyle and preferences of Dutch households (Fig. 6) . Table 5 shows the results for heating demand for the seven household types. In addition, a building simulation with a standardised occupancy was also run. The standardised occupancy considers the thermostat at 16°C from 2300 to 0700 hours, at 19°C from 0700 to 1700 hours, and at 21°C from 1700 to 2300 hours. This standard occupancy profile is currently used in practice. Figure 7 shows a comparison between the heating demand for different household types and apartment types. The results are shown per type of apartment, since their size and location within the building will have an effect on heating demand. Apartments type A have three bedrooms and a total area of 68 m 2 , while apartments type B have two bedrooms and a total area of 58 m 2 (see Fig. 1 ).
The results of the simulations showed an up to twofold difference between the heating demand of the standardised profile, and the households with the lowest (single adults) and highest (single seniors) heating demand, highlighting the large overestimation and underestimation of heating demand when using standardised profiles. The results also showed that the heating demand calculated for single adults is 75% lower than for single seniors, while the heating demand calculated for a couple of adults is 30% lower than the demand calculated for a couple of seniors. The same difference is seen between single parent households and nuclear families. The difference in heating demand between types of apartments is larger in households with higher heating demand, for example in nuclear families, the difference on heating demand between small apartments in the middle of the building (apartments type B in the first and second floor) and large apartments in the ground or top floors (apartments type A in the ground floor and top floor) can be up to 30%. 
Post-renovation behaviour
A second set of simulations per household type were carried out assuming a change on behaviour after the renovation. In this scenario, we intend to show the influence that behavioural changes could have if (1) people currently heating to a lower degree, increase the indoor temperature (for example, single adults), and (2) assuming a better control on the heating system, by heating only occupied spaces and using a setback in the thermostat during the night and during absent hours. Table 6 shows the results of these simulations. In Fig. 8 , we show a comparison between both occupancy scenarios per household, also showing the results with the standardised occupancy profile. The figure shows that energy demand decreases greatly for households with seniors (up to 40% reduction), and decreases slightly for all other households, except for single adults. Single adults were found, in the statistically developed profiles, to under-heat spaces. Assuming that they would heat to higher temperatures to achieve more comfort, the heating demand for this household increases twofold. The lower heating demand of seniors is associated to a better use of thermostat setback. In comparison to the standardised behaviour, single seniors and nuclear families have a higher heating demand, while single adults and couple adults have a lower heating demand.
Domestic hot water
The energy demand for domestic hot water was calculated based on Eq. 1, assuming 5 min showers per person per day, one and a half minutes using the sink per person per day, and using the kitchen sink for 1 min per household per day. Table 7 shows the results. In addition, a scenario considering the use of a heat recovery shower (www.milieucentraal.nl, 2016) was also calculated. According to specifications, these systems can save up to 100 m3 gas/year per household (www.milieucentraal.nl, 2016), or 30% of the energy use. In order to take into account the household size, we use the value of 30% reduction.
where: The electricity demand for appliances, electric equipment and artificial lighting per household type was calculated based on the statistically developed household profiles (Fig. 6) . Two scenarios were used, one with efficient appliances and one with inefficient appliances.
Artificial light
For the calculation of electricity demand for lighting, we assumed that the lights would be off in sleeping hours (2400-0600 hours), during daylight hours (0900-1800 hours) and when the residents are not at home (defined per household type). It was also assumed that in households of more than two persons, more than one light would be on (Guerra-Santin and Silvester 2016).
Appliances and electric equipment
We assumed that the use of appliances and electric equipment was defined by the presence of people at The appliances and electric equipment were categorised according to their use: (1) all day appliances such as WIFI router, refrigerator, freezer and alarm clocks; (2) short-use cooking appliances such as coffee machine, water boiler, microwave oven, toaster and kettle; (3) long-use cooking appliances such as oven, stove and cooking hood; (4) cleaning appliances such as washing machine, drying machine, dishwasher, iron and vacuum cleaner; (5) entertainment equipment such as TVs and game consoles, and (6) office equipment such as desktops, laptops, monitors and printers.
The assumptions on the hours of use are shown in Table 8 , based on (www.energuide.be, 2016). We only considered the use of a limited number of appliances and electric equipment to reflect the socio-economical status of the household living in the reference building. A distinction was made between efficient appliances and inefficient appliances for a selection of items: fridge/freezer, washing machine, computers, TVs and light bulbs. Standby setting of appliances was not considered in any of the scenarios, since this is considered to be a bad practice that the 2ndSkin project also aims to reduce. This is however, out of the scope of this paper. Table 9 shows the results per household type for both electricity scenarios: efficient appliances and inefficient appliances. The results showed the large difference between electricity demand between singles and families. A twofold difference can be seen between nuclear families and singles (efficient appliances). The calculations showed similarities to average electricity consumption based on statistical data from the WoON dataset (Table 9 ). The mean electricity consumption in reference buildings is, on average, between the calculations with inefficient and efficient appliances (Figs. 8 and 9 ). However, in relation to the reference building, we seem to be underestimating the electricity consumption of young households and senior couples.
The energy demand for the heat recovery balanced ventilation system is assumed to be the same for all household types, and it is based on Blom (2010).
Energy generation
Energy generation was calculated for five scenarios, taking into account the orientation of the building, the type of roof and the possibility to provide an attic for installations. The five scenarios are as follows: NorthSouth orientation with flat roof, North-South orientation with pitched roof, North-West orientation with flat roof with an attic for installations, East-West orientation with flat roof, and East-West orientation with pitched roof.
Calculations were made assuming the use of a CSun255-60P solar panel (www.csun-solar.comepb, 2016) . Each module has a capacity of 255 Wp. Results of the calculations are shown in Table 10 . The energy generated in the roof of the building is divided by the number of apartments in the buildings. Porch apartment buildings can have either three or four floors. Given that the 2ndSkin renovation strategy could be applied to both possibilities, we studied the results of the calculations considering both scenarios. The energy generated per apartment can be seen in the right-side columns of Table 10 . Figure 10 shows the results graphically. The results showed that the worst case scenario is the fourstorey building with pitched roof and North-South orientation, while the best case scenario is the threestorey building with East-West orientation. For both, three-storey and four-storey scenarios, the provision of an attic for photovoltaic panels significantly increases the energy generation.
Total energy performance: integration of energy calculations and building simulations
In this section, we integrate the results of the building simulations with the calculation of electricity demand and renewable energy generation. Table 11 shows the energy requirements per household type for both behaviour scenarios (pre-renovation and post-renovation); both electricity scenarios (efficient and inefficient devices); for both domestic hot water scenarios: (with and without heat recovery); and for the heat recovery bal- Figure 11 shows a comparison between the energy (gas and electricity) consumed in the reference dwellings (based on WoON statistical data shown in Table 1 ), and calculated energy demand (for heating, domestic hot water and electricity) based on two scenarios: (1) inefficient appliances and behaviour, and (2) efficient appliances and behaviour. Inefficient appliances and behaviours is based on the electricity demand calculated using the energy consumption of inefficient appliances, and the pre-renovation behaviour defined in 'Pre-renovation behaviour' section. Efficient appliances and behaviours is based on the electricity demand calculated using the energy consumption of efficient appliances, and the post-renovation behaviour defined in section 'Post=renovation behaviour'. The figure shows that the energy demand of the 2ndSkin technical solution excluding energy generation (i.e. only renovation without behavioural change or purchasing of more efficient appliances) is reduced by 59%. If we also consider the scenario with efficient appliances and improved control and behaviour, we reach a reduction on energy demand of 71%. Figure 11 also shows the energy demand for heating (simulated in Bink), domestic hot water (estimated) and electricity (calculated based on appliances power and hours of use) per household type in the two scenarios mentioned before. The dashed lines in the figure correspond to the best case and worst case scenarios for energy generation identified in 'Energy generation' section (Fig. 12) . The figure shows that only the scenario in which the provision of an attic structure is envisioned to (2018) 11:1847-1870 support the photovoltaic panels, the energy generated covers the energy demand when domestic hot water and electricity are considered (using the efficient scenario).
If we consider the inefficient scenario, the energy generated covers half of the demand. In all other roof scenarios, the energy generated only covers the heating demand in the best case scenario. Table 12 shows the additional area of photovoltaic panels necessary to reach the zero energy target for each of the porch-buildings roof scenarios.
Therefore, extra surface of photovoltaic panels would be necessary to achieve the zero-on-themeter solution only with photovoltaic panels. The provision of PV panels on façade surfaces could potentially be used to cover the rest of the energy generation required. However, this possibility would also depend on the orientation of the building. Table 13 shows the energy generation based on wall surface area. The results show that the energy demand can only be met with the provision of an attic (north-south orientation) on up to three levels porch buildings. For an east-west orientation, the total energy demand can be almost met with the energy production on-site for buildings with three levels (six housing units). To cover the energy demand of north-south orientations without attic provision, and porch buildings with four levels, an extra surface of 12-20 m 2 of panels is needed.
Discussion
Before the renovation of a building, occupancy monitoring could be used to investigate the actual building control practices and occupants' behaviour, preferences and requirements (Guerra-Santin and Tweed 2015a, b). The information could be used as input in building simulation to determine more accurately the energy (2018) 11:1847-1870 demand of each household. However, in practice there are limitations on the occupancy investigation based on actual project times (time available to carry out prerenovation investigations), resources to monitor and analyse data collected (time, money and expertise), accessibility to the dwellings (not all resident will be willing or able to be monitored), and scale of the monitoring (not all dwellings can be monitored, just a sample). Therefore, the use of the data on actual occupancy patterns and actual occupant behaviour will be limited to its availability. To overcome these limitations, we have defined within the 2ndSkin approach statistically defined occupancy patterns based on a national Dutch sample. These profiles can be alternatively used in building simulations to calculate the energy demand when monitoring is not possible, or in very early stages of the project. In addition, for landlords on long-term investments and local governments on zero energy cities, it would be important to calculate the energy savings with the Dutch household profiles, because on average, households in social housing estates move on cycles of 7 years. However, when data from building monitoring is available, building simulations could provide more accurate heating demand per household. In this paper, household profiles have been used to calculate the energy demand on the reference building, which is the basis for the 2ndSkin approach. This approach will allow to make design decisions related to the sizing of installations.
The results showed that the roof surface, calculated for different orientation and roof scenarios, was not sufficient to provide with enough PV panels to cover the energy demand. The provision of an attic above the existing roof (or instead of the existing roof) could provide the area required to cover the energy demand. The use of facades to install extra panels could also help to increase the surface available for panels; however, their suitability to generate electricity would also depend on the orientation of the building, and the existence of shading elements on-site. Buildings with a north-south orientation cannot provide sufficient façade surface to cover the demand, except if an attic is provided in the roof. For east-west orientated buildings, the facades can provide enough surface for energy generation. A simple payback analysis, in which the initial investment for the technical solution required for the renovation was compared against the potential energy savings as calculated in this paper, showed that the 2ndSkin renovation would have a payback time of just over 25 years, or a simple average rate of return of 4% per year. For this payback analysis, we considered the best case scenario as defined in 'Total energy performance: integration of energy calculations and building simulation' section. For the detailed feasibility analysis, see Konstantinou et al. (2017) . The feasibility of the zero-on-the-meter approach in the reference building could be increased in projects in which a large number of porch buildings would be renovated, since the surplus of energy generated in east-west orientated buildings could make up for the rest of the demand in north-south buildings. However, given the large differences caused by roof type and orientation, it would be more feasible to integrate, into the 2ndSkin solution, the use of a different type of energy-generating technology. However, this would depend on the number of units to be refurbished and the site characteristics, as well as on the renewable energy available on site, if we wish to comply with the zero-onthe-meter (NOM) concept.
Although out of the scope of this paper, the 2ndSkin approach considers also the provision of smart control and feedback devices in the renovated dwellings as a solution towards better management of energy consumption, and occupants' behavioural change. These solutions might help to further reduce energy consumption after renovation, specially for domestic hot water and electricity consumption, which are the major contributors to energy demand after the renovation. Further research will be aimed at investigating the impact of these measures on the energy demand.
In the scope of the zero-on-the-meter Dutch approach, the use of off-site energy generation would disqualify the 2ndSkin solution as a NOM solution, which would also imply that the housing association would not be able to ask tenants for a financial compensation (under Dutch regulations). However, the off-site generation of renewable energy could potentially decrease the initial investment costs of housing associations, or could decrease the uncertainties related to return of investments. Alternative solutions for the provision of renewable energy on and off-site within the 2ndSkin technical solution will be further investigated. 
Conclusions
The 2ndSkin project consists on the development of a renovation solution that takes into account the influence of occupants in the building performance with the objective of decreasing uncertainties related to energy savings and return of investments. This user-centred research aimed at investigating the uncertainty that can be encountered before and after the renovation, by comparing the energy demand of different household types based on statistical analysis and building simulations. This paper presented the results of the calculations and analysis made to evaluate the zero energy concept in the 2ndSkin project based on a reference building.
The results of the statistical analysis showed that households living in reference buildings (multi-family rental dwellings of up to five stages) tend to use from 40 to 70% less energy depending on the household type, than households living in all sort of buildings. These results highlight the importance of using suitable data when calculating the expected energy savings of a renovation.
Furthermore, the analysis showed that, although there are significant differences on the energy use between household types in both the reference building and the total building stock, the differences between household in the reference building are lower. This indicated that occupant behaviour might have a smaller impact on energy use in reference buildings.
The energy simulations to calculate the heating demand per household showed that the highest heating demand is for single seniors households, followed by nuclear families and senior couples. The lowest heating demand was calculated for single adults, followed by adult couples. The analysis also showed that single senior household has a heating demand more than four times higher than the demand of single adults.
When considering scenarios based on behaviour after renovation (considering better control and possible rebound effects), the difference between the lowest and the highest heating demand is reduced to 34%. The post-renovation scenarios consider that single adults would heat more frequently and to a higher degree to provide a comfortable environment, and that households with seniors and adults couples would have better control of the heating system (e.g. they will use a lower setback temperature).
The research showed large statistically significant differences on energy consumption between the different household types, which could contribute to pre-bound effects if these differences are not considered when calculating energy savings and return of investments. Although, in average, the housing associations would break even given the variety of households within one neighbourhood, the increased rent could impact the discretionary income of the tenants (income after deduction of taxes and basic living expenses).
The calculations on the total energy demand showed that the 2ndSkin solution (excluding the energy generated) could decrease the energy consumption by 59% in a scenario in which prerenovation behaviours and inefficient appliances are considered. This reduction reaches 71% when a scenario considering a post-renovation scenario and efficient appliances. However, the generation of renewable energy in the roof and façade surface covers only partially the total energy demand, even on the best case scenarios, and so, the use of other energy generation technologies, such as geothermal energy, within the 2ndSkin renovation strategy should be further investigated.
The analysis of diverse scenarios showed that after minimising the energy demand throughout the envelope and building services upgrade, the most important aspect for the success of the 2ndSkin NOM strategy depends on the orientation and area of the roof, and the number of levels per porch building. In the calculations, we showed that in a worst case scenario with north-south orientation, pitched roof and eight apartments porch building, only 16% of the energy demand can be covered. In the best case scenario, in which the roof is either covered or substituted for an attic, the energy production can cover 79% of the demand for a six apartment porch building. The attic solutions proved to be the best solution to provide with the energy demand; however, the suitability of the installation of an attic in the building will depend on the structural integrity of the building, the load of the structure or the capacity (physical and financial) to built a new foundation for the roof and facades.
To conclude, regarding the 2ndSkin technical solution, it is important to add that even without the integration of PV panels to the technical solution, a significant reduction on energy demand can be achieved.
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